Temp# /81 /76

Relay I Trapped Radiation Measurements
by

C. E. McIiwain, R. W. Fillius¥, J. Valerio, and A. Dave

N61 33 1 23 =
M’m by
March 1964

Department of Physice
University of California at San Diego

i+ Jclla, California

| OTS PRICE | : : ?ﬁﬂ}“ﬁi” “"*f”?'!
XEROX $ éﬂ() L9 ' | m:
MICRCFHM  § 0150 atf. oONDARD SPAGE FUGHT GMER

 IIBRARY

* R -
visiting from the State University of Iowa, Icwa City, Iowa



Relay I Trapped Radiation Measurements
by -

) *
C. E. McIlwain, R. W. Fillius , J. Valerio, and A. Dave

" March 1964
Department of Physics
University of California at San Diego

La Jolla, Califcrnia

Selipsdd by N RS 5-1e23
‘ﬂ%& d j NAE R- e

e«

* , -
visiting from the State University of Iowa, Iowa City, Iowa

AN



AﬁSTRACT
i

Ipstruments aboardrthe Relay I satellite have measured the intensities
'of geomagnetically trapped electrons with energies greater than 0.45 Mev
and of protons in four energy ranges between 6ne and 60 Mev over the region
between 1.2 and 2.3 earth radii during the year 1963. The equatofial
intensity of eleétrops ( E > 0.45 Mev) was found to decrease monotonically
‘from a maximum intensity cf about 0.7 X 108 at 1.3 earth radii down to
10° sec tem ster T at 2.3 earth radii. The principal maximum in the proton
intensities was found to occur cr consistently higher lines of force ;nd with
increasing intensities tdward lower energies sucgzthat a maximum intensity
of aboﬁf 3 X lO6 protons (E > 1.1 Mev) sgc-lcm?zster—l occur at abouf 2.3
earth radii compared with the maximum of 1.95 X 103Aprotons (E = 40 to 110 Mev) -
sec-lcmfester—l at 1.5 earth radii. A large decrease in the proton intemsities

at L values greater than 2.2 earth radii occurfed'during the magnetic storm

- of September 22-23, 1963:
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Part 1

Descrintion of Experimental Techniques

Introduction

A set of four particle radiation detectors was designed and constructed
at the State University of Iowa (R. W. Fillius, 1963; D. C. Enemark, 1962)
for flight aboard the Relay satellite. As was originally planned, the reduction
ahd_analysis of the data resulting from the suvccessful launchings of the Relay I
and Rélay IT satellites is now being performed at the University of California
ét San Diego. The present paper is based upon a partial analysis of the data
obtained 5y Relay I'during its first year in orbit. i

The Relay I satellite was launched on December 13, 1962 into an orbit
with an apogee of 2.07 earth radii, a perigeé of 1.21 earth radii and an
‘inciination of 47.5 degrees. The precession of the orbit is such thét the
complete spatiél distribution of trappédjparticles in the region 1.15 < R < 2.2
earth radii and A < 60 degrees (magnétic coordinates) can be obtained within

a period of 140 days.

Radiation Detection System

‘The identification of particles as protons of electrons and the
detgrﬁination of their kinetic energy is accomplished by Jjudicious choices
of sensor (size and type), detector shielding, and by proper choice of the
electronic discrimination levels.

All the detectors prod@ce a quantity of charge related tc the energy
lost by the incident_particle in the sensor. Two of the sensors are of the

solid state type and two ere scintillation crystals mounted on photomultiplier
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tubes. In the solid state detectors, designated here as B and C, the charge
preduced at §he outpuf is linearly related to the energy lost by the particle
in the sensor. The amplifier output of the scihtillationrdetectors here designat:
as Aﬂand D, is also related to the particle energy lost in the sensor but not
always linearly.

To avoid difficulties due to variations in the capacitance at the senspr
output, the input émplifier was designed to respond to the charge generated
by the sensors rather than the voltage. At the output of these amplifiers
is present a voltage pulse related to the energy loss in the sensors. Since
the énergy loss as a functiohrof the energy of the incident particles can be
toth measured and calculated, the energy spectruﬁ analysis is reduced to a |
voltage’pulse height an;iysis.

Oth;r electronic blocks common to each detector are: a delay line”;
inter-stage network to clip the pulses to a length of .25 useé, é volﬁage
post amplifier and voltage amplitude discriminators. 'The amplitude discrimin-
ators form the input‘circuits‘to pulse height anaiyzers for each detector. 4
Since analyzers for each detector afé éomewhat differenf they will be described.
individually. Photographs of Detector A and the E-C-D detector complex are”
showﬁ in Figures 1 énd 2. |

The B, C, and D detectors are directionally sensitive with the conéequent
need for the knowledgé of mégnetic figld orientation for accurate intensity
méaéﬁrements. Detector A however is an omnidirectional detector whose response .
is independent of the field orientation.

" The systems design is governed by the dynamics of trapped particles

in the earth's magnetic field. The particles are constraiﬁed to travel in

approximaﬁely helical paths abogt the lines of farce. The angle @ which the



particle velocity makes with respect to the field line varies with the magnitude
of the magnetic field B along the field line according to the equation

sin2 o = B/Bm where Bm refers to the point a = 90°. The angular distribution
about the field line is almost always such that the peak inténsity occurs in

the piane perpendicular to thne field line, i.e. at o = 90°. The magnetometer
gating is arranged so ilhat counts are accumulated only when the detectors

are pointing perpendicular to the field line. The complete angular distribution
at any point can be obtaine@ by obtaining the depe;dence of the intensity at

o =190° upon Bm and using the equation sin a = B/Bm to transform this dependence
,upqﬂ’Bm into the o erendence at the desired value of B.

Since the peek intensity occurs normal to the magnetic field lines it
is only necessary to determine when the field component along the detector
axis is zero &and arrange to turn on the detectors for an interval during which
the rate is relatively constént. Previous measurements at 920 km have shown
the angular distribution to be symmetrical about.thé"normal plane and the
intensity to vary less than 10% over 10° on either side of thc peak. At
Relay I altitudes the variation is expected to be even less. From this then
it is seen that if the detector are turned on sbout 10° ahead of the zero
crossing of the field and turned off about 10° after zero crossing, a good
measure of the peak intensity can be made.

Relay I spins at approximately 2.7 rev/sec in & known sense. The
detector gating was achieved by placing an AC coupled flux gate magnetometer
about 13° ahead of the detector axis in :otaﬁion. At zero AC field crossing
along the magnetometer axis, a turn on signal is generated which allows the
detectors to accumulate counts for the fixed interval of exabtiy 2l satellite

clock pulses, ufter which the detectors are gated off. With the satellite



clock rate of 1152 pulse/sec the on time is 0.021 sec or about 19° of revolution.

When the spin axis of the satellite happens to be aligned with the
fieid line and the detectors are always in the normal plane and no AC field
variation is seen by the magnetometer. Whenever the AC field &ariation remains
less than = 4 milligauss for cne recond, o free running multivibrator (at the
nominal spin rate) is started to operate the magnetometer gating circuitry
and an identification bit is transmitted to indicate that it is in the
special mode. The conditions necessary for this special mode have been met
in flight but is a rare occurrance. -

In addition to the magnetoﬁeter gating schewe a large amount of
sub-comutation is needed for the radiation experimentg because only seven
accumilators sre available for all the outputs. - Whenever possible all of the
cutputs of a particular detector are examined at once to allow a direct weasure
of the particle intensity in each energy increment during the same timé iuterval.
The accumulators and data conditioning system are both in the encoder and are
not an integral part of the radiation experiment. ~ It can be seen from the
overall block diagram (¥igure 3) that the basic clock frequency (1152 eps)
of the encoder and a sibcommtator advance signal are provided by the encher.
The clock signal is gated on {hot shown explicitly in Figure 3) ut the same
time the detector cuts are sampled and fed to an accumulator in the encoder
to provide a direct measure of detector live tiﬁe. Detectors E and F shoyn
which are channeled through the same gating system are from a séparate exﬁerigent
performed by Bell Telephone Laboraﬁories. 'They will not t ‘liscussed here.

The subcommutator advance signal from the encoder has ¢ period of twelve
seconds, two seconds in one state and ten seconds in the other. In the ten g

second state the accumilators are free to register counts each time the detector



outputs are gated on by the magnetometer signal; in the two second part the
geccumilators are read out. Signal M is the gate from the magnetometer circuitry;
It is in one state for 24 clock pulsgs (about 0.021 sec) and in its complement
state M for the rest of the period (about 0.179 sec) when it is used for a
background measurement on B3, C3, D3, B4, C4, and D4 each at different sub-

n"

commutator cycles. The term "background" is used to designate the counts
accumulatéd when the detectors are not looking at the peak intern: "ty.

It shou%d be noted that with the exception of detector A, all detector
analyzer outputs are fed to the sub-comuitator where they are switched to
‘thg;accumulators one detector at a time. These accumilators are read out once
; second while counting for ten seconds, then inhibited and read out twice,
then reset for the next detector. By rejeéting the data in which the two
final readouts do not agree, the probasbility of an erroneous reading produced
4 éy transmission noise is reduced to a very small value (in practice, very few
. errors in over 105 readings have been discovered). Detector A is permanently
-connected through its driver to an accumlator which is read out every second
but is never reset. Accumulator overflow is detected during data reduction.
The remaining lines shown are inforaation signal for transmission; viz.,

1. Two identification bits to indicate subcommutator position.

2. One ideﬁtification bit for magnetometer gating circuit mode.

3. One analog channel, sampled once a second, which time shares on
an equal basis between the sine wave output of. the magnetomeiler
and on an identification bit to indicate which of the alternate

) outpﬁts of the analyzers is in use.

4k, Two identification bits from the Bell Telephone Laboratories

experiment.



The measurements of the magnetumeter signal can be compared with the
computed magnetic vector to derive the orientation of the satellite spin vector.
Shoertly after the launch Qf Relay I, the spin vector was ascertained in this
manner to be within 4° of a deelination equal to -69° and a right ascenvion
of 125° on the celestial sphere. The magnetometer signal can also be analyzed
to measure hydromagnetic waves with periods between 2 and 8 minutes provided
their amplitude is greater than iOOY (.'LO“3 gauss).

In the detailed discussion of the detector parameters which follows,
it will be convenient to cons.cer them in the order of increasing complexity

associated with their energy analyzing system.

Detector A Characteristics

Detector A is primarily an omnidirectional 35 to 300 Mev proton detector
but with some sensitivity to high energy electrons. Thé sensor is a 0.932
cm diameter sphere of National Radiac Sintilon plastic scintillator optically
coupled to the phototube through a conical light pipe.(seé Figure 4). The
sphere is at the center of the two concenfric hemispherical aluminum &omes with
sufficient separation so that particles entering from different forward
directions will see the same amount of shielding; viz, .30 g/cmg. This shielding
thickness stops all protons of energy less than 34 Mev and electrons less than
2.7 Mev. The detector protrudes about 2 cm from the surface of the satellite
sO that the entire forward hemisphere is unobstructzd by further shielding.
Analysis has shown that since the angular distribution of the trapped radiation
is cylindrically symmetrical,/the number of particles enteringrthis front
hemisphere'is independent of the detector orientation.

One amplitude discriminator is placed at the amplifier output v1£h

pulse height setting correspconding to the integral energy spectrum end point of
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Co60. For the‘scintillatqr's size and type this setting represents an energy
loss in the crystal of approximately 1.0 Mev since the most important photon
rm&sical process at this energy is Compton scattering. Consequently, the
éetector proton and zlectron thresnolds are 34 Mev and 3.7 Mev. 1In tne proton
case it is evident that the shielding thickness is the dominant parameter fpr
setting the energy threshold. For the electron threshold the electronic
discrimipator level must be known accurately also.

An experimental measurement of “the proton energy threshold wés performeld
on the University of Minnesota linear accelerator and was found to be 34 Mev
to an accuracy better than 3%. Full efficiency is reached at 35 Mev; Direct
- electron thwestrold measurementstcould not bte performed Lecause of‘the lack

of & nonoeneréetic high energy electron source.

Detector D Characteristics

Detecfor D is primarily e directional eiectron deﬁector with some
sensitivity to protons. The sensor is a cylinder of National Radiac Scintilon
0.254 cm diameter and 0.254 cm in height. It ié optically couplea to the
phototube through a glass disc (see Figure 5) to provide an additional
0.81 gfcn® of shielding in the backward direction. A minimum of -.07 g/cm’
of platimum shields the crystal from the forward direction except for a circular
éntran;e areg of 0.37 X 1072 cn®. Parficies entering the sdintill;;or frem the
forward direction must penetrate 0.048 g/ém? éf aluminum fdil after'passing A
through a 27° conical acceptance -aperture. From the paraueters of shielding
and entraﬁce area - solid-ahglé product alone the geometric factors, G, g?e

~

listed.
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G Elepctrons Protons
2.38 x 10"3 cm2-ster . 0.20 to 3.0 Mev . 5.0 t. I Mev
8.80 X 10”5 cm-ster greater than 3.0 Mev greater than 20 Mev

‘Several features of the above list should be explained. The transiticn

between the two values for gevmetric factor occufs when the range of incident
part:icles exceed the 1.07 g/cm2 of platinum. For particles greater than this
rdnge the sensitive enirance area expands to the full diameter of the cylindrical
scintillator. Fortunately, both electron and p.v.ons intensities fall rapidly
with increasing energ& in the trapped radiation allowing the use of G = 2.33

: XH10-3zcm2-ster alone to a high degree or accuracy.

- ‘Four amplitude discriminators are placed at the amplifier output, each
rroviding a point on an integrel pulse heigﬁt spectrum of the detected particles.
In view of éhe previous discussion akout the geometric factor it is seen that
to high ‘accuracy the shielding serves to solely determine a lower energy cutoff.
for elections ana protoné. Tie energy equivalent of the electronic discrimingtion
level sebtings will just 233 to this low energy cutorf to provide integral

energy output channels labeilea D1, D2, D3, and Dh.

Funergy lcss

required Electrons Efficiency Protons Efficiency
Dl - .131 > 0.30 Mev T > 5.1 Mev » 1.0
p2 . .28 > 0.45 Mev .6 > 5.1 Mev 1.0
- D3 . 43 > 0.62 Mev 45 v'> 5.2 Mev 1.0
Dk .6k >_,C;.82;Mev | .13 >5.2 ﬁev \1.0

When the counting rate due to protons is important, the differences in the
efficiencies for protons and electrons in the differeni channels can be used

to separateiy determine the electron and proton fluxes.



The discrimineticz levels can be reproducibly set with a laboratory
3:90 elentron source by roting the number of counts at each o.tput and the
count ratios of neighboring levels.‘ Basic calibration of the ene:gy thresholds
and efficiencies were obtained using the Bell Telephone Laboratories 1 Mev
accelerator. A graph of the efficiency vs. energy shown in Figure 6 serves
to illustrate the’manner in which the stated integral energy levels were chosen.
Further calibrations were made with a fission beta spectrum at I.0s Alamos

with the following results for the product, the efficiency (€), and geometric

factor.
Channel (eG)fission
m 1.46 x 1073 cm’-ster
D2 - 1.16 x 1073
D3 | 5.92 X 107
Dy 1.18 X 107"

Detector B Characteristics

Detector B is a single solid state diode (an Ortec surface barrier
detector) designed to detect protons with rominal energy from one to 4.5 Mev
with a high discrimination against the ambient electron flux. Insensitivity
.to electrons is achieved through

1. wuse of a thin sensor so that entering electrons cannot deposit

_ mach energy in it. |
2. discrimination levels thaﬁ are set much higher than fhe pulse ‘
| amplitude typicaii& produced by electron énergy loss in thc sensor,

and
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3. the previously mentioned 0.25 usec pulse clipping to decrease the
probability of pulse pile-up of many low energy events.

Brass shielding about the sensor confines the effective so0lid angle, for
protons of less than 85 Mev, to a cone of i15°. Details of tne aperture con-
struction are shown in Figure 7. Two thin snnular discs serve as electron
baffles o reduce the scattering of electrons int§ the detector. A nickel
foil 1.2 mg/cm2 thick is mounted on the inner Baffle to shield the detector:
from light. The 6.5 mm2 sensor area results in a geometric factor for the |
detector 0.015 cm?-steradian.

The detector B electronic discrimination leveis (Qy, Bé,,By, Ba)«are
set st 0.87 Mev, 1.41 Mev, 2.10 Mev and 3.84 Mev respectively. Due to the .
small depletion depth (100 microns) of the detector a given discriminntioﬁ
level may be triggered both 5y a proton which stops in the active depth and a’

igher energy proton whicﬂ:penetrates it. Penetrating protons of sti;l higher

energy cannot depgsit sufficient energy in the active depth to triggeg;thc : -';
discrimination level. A given pulse height can therefore by produced by protons
with either of two different energies. This characteristic of detectér 8B is
displayeé in Figure 8 where the discrimination levels marked. Here it i; clearly
shown that élthough the output<of the discriminatours arc integfal in pulse
height tﬁey represent different differential proton energy intervals. Further,
level B6 is set higher than any possible pulse helight ob“zainable from protons
received through the entrance aperture. It can be triggered only by heavier
ﬁarticles,lsuch as alpha particles, or protons (greater than 85 Mev) penetruting
the side of the shield and traversing the detectér sideways. Level Bi yields‘é
c;ude measure of the omnidirectional backg;oundifiux which penetrates the shield

and can be used to.place an upper limit upon the aipha part%cle‘flux}
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Adjacent discrimination levels are placed in anti-coincidence (top of
Figure 8) to yield four output channels labelled eses Bl, B2, B3, B: with proton

energy ranges

Bl 1.1 to 1.6 Mev and
7.1 to 14 Mev
B2 1.6 to 2.25 Mev and
k.75 to 7.1 Mev
B3 2.25 to L. T4 Mev
B4 greater than 85 Mev background channel.

It cah»be seen that the overlapping energy intervais have been eliminated but
an un@ﬁbigﬁous idéntifiéation of an ene}gy spectrﬁm stili depends upon some
prior knqyledge of spect;al—shape or édditional data such as is available

from detector C. Calibrations:of these rangesrare bésed parfly upon pr;tons
generated by’the d(He3,p) Heh reaction on the Cockcroft-Walton accelerator
gtuéhe State Uhifgrsi%y of Iowa, shielding éalculations, and the use of an
accurately,calibr;ted electronic pulser. ﬁeaction produced protons are';sed

" to determine the detector bias voltage required for the desired depletion depth
and to fiyd the upper cutoff energy for penetrating protons 1ﬁ«each_channe1.

K Lower‘éutoff energies for hon-penetrating protons are hased upon the diserimin-
‘ation'levels set by a calibrated pulser with allowance for the proton energy

loss in the light-tight foil.

Detector C Cﬁafacte?istics o .
., 'ﬁetector C is a two element proton ;elescope which -classifies proton

'gnergies in three bands from 18.2 to 63 Mev. Directionality and solid angle

‘are defined by two 1 cm? Lithium drift detectoré separated a distance of 2 cm

witn their faces parallel and their sides rotated at 45° with respect to each
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other. The resulting geometric factor is 0.216 cmg-steradian.

High energy protons coming from the forward direction penetfate both
detectors producing time coincident pulses. The rear detector, designated C2,
performs the pulse height analysis on the penetrating part of the characteristic
while the front detector serves to resolve the ambiguity in the double values
characteristic of the rear detector. Characteristics for detectors Cl and C2
are given in Figure 9 with the placing of electronic discrimingtion levels
shown. The block diagram at the topkof the figqré indicates the logical sorting
of discriminator :levels which combine to form‘analyzer outputs Cl, C2, C3, and
ch. Output Ci is different from the other outputs in th;t it represents the
singles rate of pulse amplitudes between cea and CQB rather than time coincident
pulses in the two detectors. Channel Ch is used as a background monitor- to
'alléw an estimate of the random coincidence rate. LThe resultant differential

energy proton channels ére

Cl 18.2 to 25 Mev
- c2 - 25 £O 35 Mev
c3 35 to 63 Mev
: ck background

' Thése resﬁlts are shown succinctly by Figure 10 where the foreground locus
represents the energies recorded by the output channels when a proton traverSés
Cl first and the background locus when C2 is traversed first.

Once again protons from the-d(He3,p)Heu'reactions were used to
determine the front and back dead l;yers and the depletion depth for the two
component sensors; Typical values were foundAto be 4.7 Mev, 13 Mev, anﬁ‘?-gﬁ Mev
respectively. A final check of lower energy cutéffs for two of the output

channels was performed with the 4O liev iipear-aécelerator at the University of
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Minnesota. Counting rates from the three channels as a function of incident

proton energy compered well with the expected valies calculated from the

‘neasured detector parameters and discrimination levels.

‘Detector Radiation Dumage

A comparison of the detector A and D measurements with results from
simiiar detectors aboard Explorer XV indicates that the effective amplification
of the Relay I scintillation detectors decreased by about a chéor of 1.3
during the first month in flight. The data also indicates that smaller
decreases occurred during the next two months. All of the data taken siﬁce
May 1, 1963 however is consistengrwith the assumption that the effective detecter
gains remained stable to Qithin 10%. The absolute discrimination levels used
in this paper are probably rot in errcr by more than lq% but comparlson Vlth
the data from Relay II will provide a more accuratg and trustworthy determination
of the characteristics assumed by the Relay I detectors after May I, 1963;

In the case of detector D, the change in characteristics can be difectly
attributed to radiation damage in that the glass dise upon which the scintiliator
is mounted can be darkened by a particle radiation dose comparable to that
received in flight. This source of difficulty'has been corrected in the
detector D urits to be flown i# the future by replacing the glass with sapphire.

Two effects‘of radiation damage were observed on the B detectof. First,
the resiéiivity of the silicon increased so that the depletion déptﬁ increased,
Knowing that this change occurred (by the appearance of large pulses) the
necessary minor modificat;ons in the interpretation of the date can be made
with confidence. The second effect ‘was tnat after 120 days in orbit, the size of

the pulses began to decrease so that after 160 days in orbit the counting rates
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from the B detector approacbed zero. The totsl number of protons reaching the
sensitive element of the detector by this time was about 1012/cm2 corresponding
to 8 radiation dose of about lO6 Rads. The solia angle subtended by the detecter
B aperture was reduced by a factor of 2.2 orn the unit irn Relay II so that a
somewhae extended detector life is anﬁicipated.

After one year in orbit the counting rates due *to prctons in detector

C rermain the same as on the day of launch. This indicates that the radigtion

damage to the two sensors in this detector has not been importert.

Part II

Spatisl Distributions  of Particle Fluxes

Flectron Distributions

The usual magnetic coordinates B and L (McIlwain, 1961) are used
'throughout this paper to organize the data received fy;m Jifferent locations
in space. The L vaiue fér a point in space is approximately equel to the
maximum radiai distance reached by the line of force going through the
point and is given in units of earth radii. B &s the,scalgr magnitude of
the mggnetic field at that lécation'in units 6f gauss.

After the initial reduction of thertelgmetered information, the counting
ratés from all 19 channels of data are interpolated to a particular sc* of
L values: 1.1, 1.15, 1.2, etc.

Only July 9, 1962 a high altitude nuclear explosion in&ected large j
numbers of energetic electrons into trapped orbits in the earth's magnefic

field. Subsequent measurements (McIlwain, 1963) have shown that at. least
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until February 1963 these electrons constituted an important radietion hazard
to spacecraft traversing certain regions of space. The Relay I data presented
here show that this situation persisted throughout the year of 1963.

The flux of electrons with energies greater than 0.45 Mev can be
uniquely obtained by subiracting the D& channel, (Detector D, fourth discrimin-
ation level) from the D1 channel to remove the proton contribution to the D1
c;unting rate. The un’directional intensity perpendicular to the line of
force of electrons greater than 0.45 Mev obtained in this manner is shown
iﬁ Fig.re 11 as a function of B for a set of lines of force with g values
between i.25 and 2.7 earth radii. The actual data points are shown fof some
of these liﬁes of force to illustrate the distribution and scatter of thé/
data points. ‘

In thg future. as more data is received, analytic fits to these
data points will be made as a function of B and fime for each line of .force.
This will make possible aAnormalization,of'thq_intensities to a reference time
which will consideraoly reduce the scatter in the data. Analytic fits will
also simplify the integration of the unidirectional intensities to obtain the
angular di;tributions and the omnidirectional intensities. 1In lieu 6f actual
integration, it is a useful fact that the omnidirectional intensity is almost
always within a faétor of 1.5 of six times the unidirectional intens;ty
perpendicu’ar to the line of force.

The plot of cortours of constant intensity in B-L space shown in
Figure 12 weré derived from the same data shown in Figure 1l1. The r;tio of )

0-22 . 1.778.

intensities between adjacent contours is 10
Comparing these results with the'Exﬁlorer XV data, which was obtained

between November 1, 1962 and February 1, 1963, it is found that the relative
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spatial distributions given by the two sets of data are identical to within

30% in the region L = 1.3 to 1.6. The absolute intensities obtained from the
Relay I measurements in this region may be as much as a factor two lower than

the earlier Explorer XV results. Determination of the true time dependence

must await comparison with the Relay II results but the present results indicate
that the time constant for decrease in the intensities in this region is greater
than one year. Since few reliable measurements of electrons greater than 0.5 Mev
were made previous to the "Starfish" event, it is not yet pcssible to determine
what part cf the intensities are due to naturally occuring electrons.

The Relay I omnidirectional detector (detector A) is sensitive to
electrons with enefgies greater than 3.5 Mev and protons with energies greater
than 3% Mev. is mentioned previously, the effective gain suffered an initial
decrease. By an 1, i963 the gain reached a stable value approximately:a
factor of 1.5 lowe: than before launch. This caused the discrimination lével to
appreoach the largest pulse size which can be produced by an electron thereby
reducing the efficiency for electrons to about one tenth of the initisl wvalue.
Since there were no independent measurements of high energy electrons made
between February 1 and May 1, 1963, it is possible that the messured decrease
of e factor 10 in the electron counting rates may include a factor due to the
change in the trupped electron intensitiet. The Relay II results, when
aveilable, can be used to recalibrate the Relay I detector aﬁa will thereforé
remove most of the present uncertainty. . |

t should be noted that most of the pulses produced by protons in the
Relay I detector A remained far larger than the discrimination level. The

effiéiency for protons can therefore be accurately computed.
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At L values greater than 3.0 earth radii, the counting rate due to
protons is very small, therevy permitting good measurements of the high
energy electrons in the outer zone. The analysis of the complex time and
spatial dependences of the outer zone is not yet complete and will therefore
be presented in a later paper. 7

At T, values of less than 1.45, over 80% of the detector A counting
rate is due to electrons. The observed counting rates along several lines of
force in this region are shown in the upper part of Figure 13. The corresponding
conﬁours of constant counting rate in B-L space are shown in the left side of
Figure 14. For comparison, the contours of constant iﬁtensity of electrons
with energies greater than 5 Mev as measured by Explorer XV are shown in
Figure 15. A4s expected, the contours are very similar in the region L = 1.25
to 1.5. Inrthe region I < 1.25, there probably has been an appreciable
decrease in the high energy electron intensities, but no Relay I data taken
in this region after May ;, 1963 is available, so that the reality of this

decrease cannot be demonstrated.

Proton Distributions

During the period MQ& 1, to September 22 of 1963 over 80% of the
detector A countiﬂé rates in the region L = 1.8 to 2.8 earth radii were
probably due to protons. The efficiency for protons rises rapidly from
near zero at 34 Mev and remains constart within a factor of 1.5 between 35
and 300 Mev. Since the flux’of protons with energies greater than 300 Mev
is relatively small in\the region being considered; the detector A counting
rates correspond tc the total flux of protons with energies greater than 35 Mev.

The weighted average value of the efficiency times the geumetrical factor is
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calculated to be 1/3 cm? with a probable error of less than 30%. The counting
rates along lines of force in this region are shown in the lower part of

Figure 13. The cosmic ray contribution has been removed by subtracting 0.6
counts per second. The corresponding contours ¢~ constant counting rates are
shown in the right hand part of Figure 14. These contours are very similar

to the contours of 40O to 110 Mev protons measur2d by Explorer XV (McIlwain,1963).
The differences are well :«xplained by the spatial dependence of the proton
energy spectrum as measured by the Relay I detector C.

Detector C measures the unidirectional flux of protons in “haree
energy ranges between 18.2 and 63 Mev. The lower two channels @1 and C2 have
electron efficiencies of very near zero. The third channel, C3, has a smsll
(~.001) efficiency for electrons with energies’greafef than 3 Mev as well as
an efficiency of near unity for protons with encrgies between 35 and 63 Mev.
The flux of electrons with energies greater than 3 Mev in the region below
L = 1.5 are as much as ten thousand times the flux of 35 to 63 Mev protons,
therefore the C3 channel does not yield reliable measurementg of protons in -
this regicn. In the region of L = 1.5 to 3.0 earﬁh radii however, there is
little if any interference due to elect:rons. 4

The contours of constant intensity of protons with energies between
18.2 und 35 Mev along lines of force as measured by channels Cl and C2 are
shown in Figure 16. The radiation damage to solar cells shielded sy oAb g/cm?
of material on satellites which traverse the region between 1.5 and 2.5 earth
radii is primarily due to protons in this energy range.

The electron ~ounting rates in the D4 channel after Mey 1, 1963
vere only about 5% of the electron counting rates in the D2 channel. Since
the efficiency for protons inthe two channels are verylnearly the same, the

difference between the D2 and bh channels can be used to estimate the fraction
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'of the D4 counting rate which is due Lo electrons. Along lines of ferce between
L = 1.8 and 2.6 this fraction is observed to be less than 20% so that the
cuuntiﬁg rate due Lo protons can be camputed with a protable error of less

than 10%. The unidirzcticnal intensities of protons with energies greater than
5.2 Mev derived in *hic fashion are shown in Figures 17 and 18.

The sum of the Bl, B2 and B3 channels yields cne:flux of protons-with
energies between 1.1 and 1k Mev with little if any unwanted effects due to
electrons. The centours of constvant ﬁndirectional intensities of these protons
ave shown in Pigure 19. Data coverage was rather poor during the time pericd
in which detecteor B was coperating ﬁréperly, therefore the intensities given
in some parts of this figure may oe in error by as much as a factor of two.

It is expected that a more complete anslysis of the available data will reduce
the pruoatie error to less than 20%. Radiation damage to unshielded solar
cells on satellites which traverse:the region‘around 2 earth ralii is primarily
dus to these low energy profons.

A comparison of Figures 14, 16, 18, and 19 reveals that the spatial
distributions of protons are quite different in the different enérgy ranges.
The proton energy spectrum is a strong function of L and on some lines of
force the spectrum rcries importantly with B. For all energies along all
lines of force, the maximum intensity occurs at the magnetic equatér. These
maximum intensities for four different energy ranges are shown as a function
of L in Figure 20. The intensities in the 40 to 110 Mev energy range are
derived from the Explorer XV data. Unfortunately therproton energy spectrum
over the full range of 1.1 to 110 Mev cannot be adequately represented by any
simple spectral form like a power‘law or exponential dependence on energy.

" No one parameter, such as the EO previously éuggested (McIlwain snd ﬁizzella, 19A3)
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has been found with which the spatial depenience of the spectrum can be
easily characterized.

Deteiled energy spectra can be obtained by using all eight of the
channels producing proton data (channels Bl, B2, B3, D&, Cl, £2, C3, and A).

This analysis is not yet complete and will b¢ presented in a future paper.

Magnetic Storm Effects

Between 2100 bours Ul on September 22 and 0500 hours UT on September
23‘the largest fluctuations in the earth's magnetic field during the year of
1963 occurred. Within almost the same short period o time, the protun
distribution measured by detector A undervent a radical change. The new
distribution of protons with energies greater than 35 Mev is shown in the
right side'of Figure 21. For comparison, the earlief distribution is shown
on the left side. At L vslues of less than 2.0 no change larger thaﬁ 10%
was observed while outside L = 2.5 the intensities typically decreased by cover
a factor of ten. The earlier distribution hz3 remairned stable for many months.
Similarly, the‘new distribution has remained uﬁchanged as of the lagest
observations which were made late in December 1563.
| It seems quite pecssible that a thorvugh analysis of thié event will
reveal the true character of the mechanisms which control the behavior of
ﬁrappedrprqtons. i

Simultaneous with the proton'cﬁ;ﬁges, an intense new outer zone of
electrons began to form with a peak intensity a% L = 3.2 earth radii. In
addition to the relatively energetic electrons:hatﬁe outer zone, a high
intensity of low energy (less than 0.7 Mev) electrons aﬁpeé:gd in a wiie region

’

of space. Immediately after the event, the unidirectional intensity of electroné
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with energies greater than 0.45 Mev ab 8 radial distzace of 2.0 earth radii

was greater “than 3 X 106 cec cm > steradisi - from L = 4.0 down to at least

L = 2.0. Referring to Figure 12, the contour correspoading to 1og,, (g ) =6.5
apparently moved outward by over two ezrih radii. Unfortunately very liﬁtle
data was taken from the Relay I radiation detectors after this event {except

from detector A, which is on continuously ) until December by which tume the

anomalous low energy electrcn intensities had undergone considerable decreases.

Part III

Integrated Fluxes Along the Relay I Orbit

Daily Integrals

The Explorer XV data has been used tu_constrﬁct a computer program
(McIlwain, 1953) which can be used to determine the omnidirecﬁional fluxes- )
of three categories of particles which were present at arbitrary locations in
space on Jenﬁary i, 1963. This program has been:used,to obtain the total fl
of tﬁese particles striking the Relay I satellite over 8 complete revolutions
(1.02 days) for i;c different days distributed throughout 1963. AnAexamination
of these results reveals two important facts: (1) the total flux per day varies
smoothly from day to day, (2) the total flux per day for each category of particles
is a uniqﬁe function of the latitude of perigee (assuming no change oprarticle
intensities with time). The dependence of the daily fluxes of particles
onn the latitude of periéee, shown in Figure 21, can therefére be used

(along with the kunown variation of the latitude of perigee with time) to

determipe the daily fluxes as a function of time as iz shown in Figure 22.
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The relative differences in the curves are of course due to the different
spatial distributions of the particles. It is interesting to nbte‘that the
daily fluxes of protons with energies greater than 1.1 Mev would e peaked
at the times at the daily fluxes UO tc 110 Mev protons are a minimum.

Data from & detector on the INJUN 3 (Valerio, to be publishedf
indicates that the flux of 40 to 110 Mev protcns did not vary importantly
during the first eight months of 1963 and the Relay I data indicates that
the daily fluxes of electrons were no more than a factor of three lower at

the end of 1963 than at the time of the Explorer XV measurements.

Integrals Over One Year

The curves in Figure 22 have been integr.‘'ed over the fi¥st year
after the launch of Relay I. The resulting average fluxes per day were :
. found to be: g :.

. ) - -
(1) (217 g) x 10™2 electrons (E > 0.5 Mev) cm “day ™t

(2) (3.6 _1'3) x 1010 electrons .(E > 5 Mev) cm'zday'l

8

(3) (1.07 £ .15) x 10° protons (§ = %0 to 110 Mev) cm “day *

where the error limits correspond to the sum of all possible errors and the.‘
maximum possible changes in the particle inteﬁsities allowed by the Relay T

o

measurements.

Since the solar cells nomprising the Relay I power plant were shieldeal
by about 0.L g/*m of quart-, which can be penetrated by protons with energiea '
greater ‘than about 1T Mev, it is of irterest to anticipate the result of & {

proper integration of the data obtained by detector C. A comparison of the
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bottom two curves of Figure 20 and similar curves for other latitodes leads

to the estimate that the average flux of proton with energies greater than
18.2 Mev is a factor of»dO + 2.5 larger than the average flux of 40 to 110 Mev
protons. This flux of (1.1 % .3) X 107 protons (E > 18.2 lv‘Ixav)cm-2d11y-l

appears to be adequate to produce the observed solar cell radiation damage

. (Waddel, privete commnication). For n-on-p type solar cells this average
omnidirectional flux of protons produces rediation damage equivalent

(Brown‘gz al, 1963) to a beam of one Mev electrons at normal incidence with a
flux of (2.0 ¥“.6) x 10t cmfzdayrl. By comparison, the average electron
spectgum implied by the data aoove, when weighted by the energy dependence

of the electron damage tc n-on-p type solar cells under 0.4 g/cm? of quartg
(Brown‘et al, 1963) indicates that the average damage due to electrons was

" equivalent to a beam of only (0.6 % .k) x 10™® one Mev electrons cm.Qday~l.
These calcolations’therefore indicate<that three quarters (.77 + .17) of the
1damage to éhe solar cel;s protected byro.h g/cm? of quartz was probably produced
by protons. The measured energy spectra of electrons and protons are such that

as the shlelding is reduced below 0.h4 g/cm the fraction of the damage produced

by . protons rapidly approaches unity.

Detector A 1is connected to a large register which is not reset after
each reading and which accumlates 229 4 537 XrlO8 counts before overflowing.
The coﬁnts in this reéister can therefore bé used to determine the total number
of detectorVA couhts per'day. Some 300 measuremeﬁts of this kind are shown in
/Figure 23. Siace-the detector was not designed to properly measure the high
intensities of artificially 1njected electrons, the dead time co:rections
necessary are relatively,large. The -average correction factor for a day's

accumulation of counts depends upon how the couhts were obtained. For example,

-

By
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a given number of counts obtained in a short time requires a larger corfection
factor than the same number of counts obtained in a longer period of time.

The detailed rates of accumulation as predicted by the Explorer XV data has\
been used to calculate the desired average correction factor in a manner vhich
is relatively independent of the variations in the detector A efficiency with
time. The resulting calculated values for the true number cof counts per day

" is shown in the upper curve of Figure 23. Except for the times where the ﬁumber
of counts per day exceeds 1.5 % 109, tkis curve is probably accurate to within
15%. For comparison, the computed intensity of electrons gieater than 5 Mev
(see Figure 22) multiplied by 0.02 X exp(-day of year/365) is shown in the i
bottoﬁ curve. After day 121 (May 1) it can be seen that the mumber of true.
counts per day was slowly decreasing but ﬁith a tiﬁa constant of greater than
one yeaf. Since these daily counting rates are largelygdue—to électrons it
must be reﬁembered that after May 1, the effective discrimination level was

in a region of the electron pulse height distribution where a 2% change in
discrimination level would produce a change in counting rate of at least 10%
and probebly about 20%. The apparent decrease in the daiiy number of counts
can theréfore be used only to indicate that there was no large cﬁange (i.e.
larger than a factor of two) in the giéh energy electron fluxes between May 1 .
and December 10, 1963 and to indicate that tﬁé effective gain of the detectof

has been relatively stable since May 1, 1963.

Part IV
~ Summary of Results
The highest glecproa intensities are found around the magnetic

equator at radial distances between 1.2 and 1.6 earth radii. The Relay I
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data shows that intensities measured earlier in this region by Explorer XV persiéted
throughout the year of 1963 and did not deéay by more ;han a factor of three.

The spatial distribution of protons in four different energy ranges
has been determined and found to depend strongly upcn energy. The proton
intensities at L walues greater than 2.0 earth radii were observed to decrease
during & large magnetic storm. At all other times the rrotons fluxes exhibited
no important changes with time.

The integrated fluxes of various partigle types along the Relay 1 orbit
have been computed and are found to be adequate to explain the observed degrédation

of solar cells.
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Captione
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Figure

Figure

Figure

Figure

1. Photograph of the Relay I omnidirectionél detector A.

2. Photcéraph of the Relay I B-C-D directionai>detector complex.

3. Overall’block diagram of the radiation detector system including the
Bell Telephone Laboratories igtectors E and F. The saiellite clock
and subcommutator advance rrom the encoder serve as the input timing
signals.

k. Detector A scintillator mount and shielding.

5. Detector D scintillator mount, shielding, and aperture;

6. Relative efficiency vs. énergy curves for detector D outputs.

f. Detector B aperture.

8. Typical detector B energy response characterigtic with discriminator
settings indicated. Logicael combinstions of ihe discriminator levels
to produce outputs are'shownzai the top of the figure.

9. Typical detéctor c enérgy response charascteristics with discriminator
sett;ngs indicated. The logical combinations of the six discrimination
levels used to produce the outputs are shown at the top of fhé figure.

10. Two-dimensional view of detector C telescope proton energy analysis.

l}. The unidirectional intensity perpendicular to the magnetic field
of electrons with energies g?eater than 0.45 Mev as 'a function of B
for various L values.

12. Contours of constant intensities derived from Figure 1l1. The

contours are labelled by the logarithm to thée base ten of the intensity.

Four contours per decade are given corresponding to a factor of

0.25

10 = 1.78 in intensity between adJacent‘contdurs.



Figure 13. The counting rate of the omnidirectlional detector (detector A)

Figure

Figure

Figure

Figure

Figure

Figure

Figure

"Figure

Figure

16.

17.

20-

21.

22.

slong various lines of force. Below L = 1.45 the observed counting
rates are primarily due to electrmns and above L = 1.7 the counting
rates are primarily due to protons. The cosmic ray contribution has
been removed by subtracting 0.6 counts/sec.

Contours  of constant counting rate derived from Figure 13.

Contours of constant omnidirectional intensity cof electrons
with energies greater than 5 Mev derived from Explorer XV data.

Contours of constant unidirectional intensity of prdtons with
energies between 18.2 and 35 Mev as derived from detector C data.

The unidirectional intensity of protons with energies greater
than 5.2 Mev along lines of force as derived from delactor D data.

Contours of constant intensity derived from Figure 17. V

Céntours of constant unidirectional intensity of proténs with
energies between 1.1 gnd 14 Mev as derived from detector B data.

Unidirectional intensities perpendicular to the magnetic field
for four different proton energy ranges as a function of L along
fhe magnetic equator.

Contours of constan£ detector A counting rates before and after
the magnetic storm of September 22, 1963. itiplication of the
counting rates by three yiel@g the omnidirectional flux per square
centipeter of trapped protons with energies greater than 35 Mev.

Total omnjdirecticnal fluxes of several categories of trapped
in?egrated around the Relay I orbit as a functicn of the latitude
of perigee based upon the’January 1, 1963 disiributions measured

by Explorer XV.



Figure 23.

Figure 2k,

Daily average omnidirectional intensities versus time for Relay
as derived from Figure 22.

The total counts per day registered by detector A. The deta
points correspond to the number of counts registered in the
accumalator. The upper curve represents the same data after

correction for the 3 microsecond detector dead time.

31.
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